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INTRODUCTION 

Molten Lewis a c i d s  and  i n  p a r t i c u l a r  ZnCIZ and SnC12 are 
known t o  c a t a l y z e  t h e  c o n v e r s i o n  of  coal t o  l i q u i d  p r o d u c t s  (1-15) .  
While t h e  d e g r e e  o f  l i q u e f a c t i o n  a t t a i n a b l e  w i t h  d i f f e r e n t  c a t a l y s t s  
i s  known, t h e  manner i n  which  L e w i s  a c i d s  promote l i q u e f a c t i o n  i s  
n o t  w e l l  unde r s tood .  The p r e s e n t  work w a s  unde r t aken  i n  a n  e f f o r t  
t o  e s t a b l i s h  more c l e a r l y  t h e  e f f e c t s  o f  L e w i s  a c i d s  on c o a l  and  
t o  i d e n t i f y  t h e  s p e c i f i c  chemica l  r e a c t i o n s  which t h e s e  c a t a l y s t s  
a f f e c t .  The r e s u l t s  r e p o r t e d  h e r e  concern  expe r imen t s  conduc ted  
w i t h  b o t h  s o l v e n t  r e f i n e d  c o a l  (SRC) and  a v a r i e t y  of model 
compounds. The l a t t e r  w e r e  s e l e c t e d  t o  r e p r e s e n t  t h e  a l i p h a t i c ,  
e t h e r ,  and s u l f i d e  l i n k a g e s  which c o n n e c t  t h e  a r o m a t i c  and  hydro- 
a romat i c  g roups  i n  coal. S e v e r a l  models of f u s e d  r i n g  a r o m a t i c  
c l u s t e r s  were a l s o  examined. 

EXPERIMENTAL 

Appara tus  

A l l  r e a c t i o n s  w e r e  conduc ted  i n  a 300 c m 3  s t i r r e d  a u t o c l a v e  
(Autoc lave  E n g i n e e r s ,  I n c .  Model ABP-300). To f a c i l i t a t e  t h e  
i n t r o d u c t i o n  o f  r e a c t a n t s  and  t h e  removal  of p r o d u c t s  a snug ly  
f i t t e d  g l a s s  l i n e r  w a s  u sed  t o  c o n t a i n  t h e  r e a c t i o n  mix tu re .  The 
t empera tu re  and p r e s s u r e  w i t h i n  t h e  a u t o c l a v e  w e r e  r e c o r d e d  
c o n t i n u o u s l y .  

M a  ter i  a1 s 

The SRC used  h e r e  w a s  produced from a b i tuminous  W e s t  
Kentucky coal by  the P i t t s b u r g  and  Midway Coal  Mining Company i n  
Tacoma, Washington. The SRC was d r i e d  o v e r n i g h t  i n  a n  N -purged 
oven a t  105'C a n d  t h e n  ground t o  p a s s  t h r o u g h  a n  80  T y l e r  mesh 
s i e v e .  The s i e v e d  SRC was t h e n  s t o r e d  i n  a vacuum d e s s i c a t o r  
u n t i l  needed f o r  a r u n .  

2 

Model compounds w e r e  o b t a i n e d  from a v a r i e t y  o f  s t a n d a r d  
These  m a t e r i a l s  were k e p t  d r y  b u t  w e r e  not  commercial s o u r c e s .  

p u r i f i e d  b e f o r e  u s e .  
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Lewis a c i d  c a t a l y s t s  w e r e  a l so  o b t a i n e d  from s e v e r a l  s o u r c e s .  
S ince  s e v e r a l  o f  t h e s e  materials are hygroscop ic  ( v i z .  A 1 C 1 3 ,  FeC13, 
SbCl ) t h e  c a t a l y s t s  w e r e  f i r s t  d r i e d  i n  a vacuum oven o v e r n i g h t  
a t  ld5.C and t h e n  s t o r e d  i n  an N2-purged d r y  box. 
t h e  c a t a l y s t  and t r a n s f e r  i n t o  t h e  g l a s s  l i n e r  w e r e  a l s o  c a r r i e d  
i n  t h e  d r y  box. 

Product  A n a l y s i s  

Weighing of  

The l i q u i d  p r o d u c t s  o b t a i n e d  from r e a c t i o n s  o f  SRC were 
d isengaged  from t h e  r e a c t i o n  s o l v e n t  and d r i e d .  
m a t e r i a l  w a s  t h e n  weighed t o  e s t a b l i s h  t h e  f r a c t i o n  of  the SRC 
submi t t ed  t o  r e a c t i o n  which had been c o n v e r t e d  t o  l i q u i d  p roduc t s .  
The s t o i c h i o m e t r y  of t h e  d i s s o l v e d  p r o d u c t s  w a s  de t e rmined  by 
e l e m e n t a l  a n a l y s i s  and  t h e  r a t i o  of  a l i p h a t i c  t o  aromatic hydrogens ,  

The d r i e d  

HA1/HAr, by 1H-NMR. 

The p r o d u c t s  o b t a i n e d  from model compound s t u d i e s  were 
ana lyzed  by g a s  chromatography. 
e s t a b l i s h e d  w i t h  t h e  a i d  of  a g a s  chromatograph/mass s p e c t r o m e t e r .  
Where p o s s i b l e  p r o d u c t  a s s ignmen t s  w e r e  conf i rmed by i n j e c t i n g  
pu re  compounds i n t o  t h e  g a s  chromatograph/mass s p e c t r o m e t e r  and 
comparing t h e i r  r e t e n t i o n  times and mass s p e c t r a  w i t h  t h o s e  of  
t h e  p o s t u l a t e d  r e a c t i o n  p r o d u c t .  

P roduc t  i d e n t i f i c a t i o n  was 

RESULTS AND DISCUSSION 

SRC S t u d i e s  

Tab le  1 summarizes t h e  r e s u l t s  of  s c r e e n i n g  expe r imen t s  
des igned  t o  compare t h e  i n f l u e n c e  o f  s e l e c t e d  L e w i s  a c i d  c a t a l y s t s  
on t h e  d i s s o l u t i o n  of SRC i n  benzene a t  300OC. It i s  a p p a r e n t  
t h a t  t h e  s t r o n g e r  a c i d s ,  A l C 1 3 ,  FeC13, SbC13, and  HgC12, cause  a 
d e c r e a s e  i n  SRC s o l u b i l i t y  ove r  t h a t  o b t a i n e d  w i t h o u t  a c a t a l y s t .  
The use  of ZnCl2 does  n o t  a l t e r  t h e  benzene s o l u b i l i t y  o f  SRC b u t  
c o n t r i b u t e s  s i g n i f i c a n t l y  t o  r a i s i n g  t h e  H/C and HA1/HAr r a t i o s  
of  the s o l u b l e  p roduc t .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  w i t h  SnCl 

These r e s u l t s  s u g g e s t  t h a t  t h e  a c i d i t y  o f  t h e  c a t a l y s t  shou ld  be 
h igh  enough t o  promote bond c l e a v a g e  b u t  not so h i g h  as t o  
c a t a l y z e  r a p i d  r e t r o g r a d e  r e a c t i o n s  which l e a d  t o  a d imin i shed  
s o l u b i l i t y  of SRC. 

b u t  i n  t h i s  i n s t a n c e  a g r e a t e r  f r a c t i o n  o f  t h e  SRC w a s  d i s s o l v e d .  2 

The e f f e c t i v e n e s s  o f  a g i v e n  c a t a l y s t  on  t h e  s o l u b i l i z a t i o n  
of SRC also depends upon t h e  s o l v e n t  as shown i n  T a b l e  2.  H e r e ,  
it is seen t h a t  w h i l e  cyc lohexane  i s  a less e f f e c t i v e  s o l v e n t  f o r  
SRC t h a n  benzene, t h e  i n t r o d u c t i o n  of  e i t h e r  ZnCIZ or SnCl i n t o  
cyc lohexane  has a v e r y  pronounced e f f e c t  on  t h e  y l e l d  of s 6 l u b l e  
p r o d u c t s .  
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Model Compound S t u d i e s  

The c l e a v a g e  of a l i p h a t i c  l i n k a g e s  between aromatic n u c l e i  
w a s  s t u d i e d  u s i n g  t h e  model compounds l i s t e d  i n  Tab le  3. To 
f a c i l i t a t e  p r o d u c t  i d e n t i f i c a t i o n ,  cyc lohexane  w a s  u sed  as t h e  
s o l v e n t .  Reac t ions  were t y p i c a l l y  c a r r i e d  o u t  f o r  9 0  m i n .  a t  
325'C and 1 0 0 0  p s i g  of  H . The r a t i o  o f  s u b s t r a t e  t o  c a t a l y s t  
w a s  u s u a l l y  1 4 . 3  mole/mo$e. 

S c r e e n i n g  s t u d i e s  performed on t h e  u n s u b s t i t u t e d  d ipheny l  
a l k a n e s  showed t h a t  t h e  c l e a v a g e  o f  t h e  a l i p h a t i c  b r i d g e  i n  t h e s e  
compounds r e q u i r e d  t h e  u s e  of  a s t r o n g  Lewis a c i d  such  a s  A l C l  . 
I n  t h e  p re sence .  of t h i s  c a t a l y s t  d i p h e n y l  methane, e t h a n e ,  proJane  , 
and butane  reacted r e a d i l y  a t  t e m p e r a t u r e s  a s  l o w  as  250OC. The 
i n i t i a l  p r o d u c t s  were  a lways  bezene  and a pheny l  a l k a n e ,  
i n d i c a t i n g  t h a t  c l e a v a g e  had o c c u r r e d  between a benzene r i n g  and 
t h e  f i r s t  c a r b o n  o f  t h e  a l i p h a t i c  b r i d g e .  The phenyl  a l k a n e  
p roduc t  was n o t  s tab le ,  however, and w a s  obse rved  t o  i s o m e r i z e  
o r  c r ack  to  s h o r t e r  c h a i n e d  p r o d u c t s .  I n  t h e  cases of d ipheny l  
propane and d i p h e n y l  b u t a n e ,  i n d a n  and t e t r a l i n  w e r e  observed  
r e s p e c t i v e l y  as major r e a c t i o n  p r o d u c t s .  While 70 t o  80% of t h e  
d ipheny l  a l k a n e s  w e r e  c o n v e r t e d  t o  p r o d u c t s  under t h e  c o n d i t i o n s  
no ted  e a r l i e r ,  d i p h e n y l  w a s  less r e a c t i v e  and w a s  o n l y  32% 
conver t ed .  T h e  only p r o d u c t  o b t a i n e d  f rom d ipheny l  w a s  benzene. 

A mechanism which summarizes o u r  o b s e r v a t i o n s  on t h e  
c l eavage  of d i p h e n y l  and t h e  d i p h e n y l  a l k a n e s  i s  shown below. 
The lower r e a c t i v i t y  o f  d i p h e n y l  is  e x p l a i n e d  by t h e  f a c t  t h a t  
t h e  phenyl  carbonium i o n ,  formed i n  t h e  f i r s t  s t e p  o f  t h e  r e a c t i o n ,  
i s  less s t a b l e  t h a n  a pheny l  a l k a n e  carbonium i o n .  

The  a d d i t i o n  of a hydroxyl  group t o  one of  t h e  pheny l  
r i n g s  of d ipheny l  methane w a s  found t o  c o n t r i b u t e  a n  i n d u c t i v e  
e f f e c t ,  f a c i l i t a t i n g  c l e a v a g e  of t h e  a l i p h a t i c  l i n k a g e .  S i n c e  
pheno l  w a s  a major  r e a c t i o n  p r o d u c t  it w a s  concluded  t h a t  
c l eavage  had o c c u r r e d  p r e f e r e n t i a l l y  a t  t h e  r i n g  c o n t a i n i n g  t h e  
hydroxyl  group.  Expe r imen t s  were also per formed t o  de te rmine  
whether  t h e  i n d u c t i v e  e f f e c t  of t h e  hydroxyl  group would now 
p e r m i t  ZnC17, a weaker L e w i s  a c i d ,  t o  cleave t h e  a l i p h a t i c  b r i d g e .  
These expe r imen t s  gave p o s i t i v e  r e s u l t s .  However, under  i d e n t i c a l  
r e a c t i o n  c o n d i t i o n s  ZnC12 p rov ided  o n l y  h a l f  o f  t h e  s u b s t r a t e  
conve r s ion  o b t a i n e d  w i t h  A1C13. 

T o  d e t e r m i n e  t h e  e f f e c t s  of f u s e d  r i n g  n u c l e i  upon t h e  
c l eavage  of a l i p h a t i c  b r i d g e s ,  expe r imen t s  were conducted  w i t h  
pheny l  n a p h t h a l e n e  and benzy l  naph tha lene .  By ana logy  w i t h  
d i p h e n y l ,  pheny l  n a p h t h a l e n e  w a s  r e l a t i v e l y  u n r e a c t i v e  and 
c o u l d  be c l e a v e d  o n l y  t o  t h e  e x t e n t  of 1 0 % .  Benzyl  naph tha lene ,  
on  t h e  o t h e r  hand, w a s  comple t e ly  c o n v e r t e d  t o  n a p h t h a l e n e ,  
benzene, and o t h e r  a r o m a t i c  p r o d u c t s .  The r e a c t i o n  of  benzyl  
naph tha lene  i n  t h e  p r e s e n c e  of  ZnC1 w a s  a l s o  examined. I t  was 
found t h a t  w h i l e  Z n C l  is  n o t  as e f g e c t i v e  a c a t a l y s t  as A l C l  
it would b r i n g  a b o u t  2 40% conver s ion  o f  t h e  s u b s t r a t e  to  p roduc t s .  
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The c l e a v a g e  of  e t h e r  and s u l f i d e  l i n k a g e s  o c c u r r e d  more 

Reac t ion  o f  d i p h e n y l  e t h e r  a t  325OC y i e l d e d  
r e a d i l y  t h a n  t h e  c l eavage  of  a l i p h a t i c  l i n k a g e s  and c o u l d  b e  
c a t a l y z e d  by ZnC12. 
phenol and benzene. under  s i m i l a r  c o n d i t i o n s  d i p h e n y l  s u l f i d e  
y i e l d e d  t h i o p h e n o l  and benzene. Dibenzyl  e t h e r  and d i b e n z y l  
s u l f i d e  fo l lowed s i m i l a r  r e a c t i o n  p a t h s .  Both of t h e s e  s u b s t r a t e s  
a p p a r e n t l y  form benzy l  carbonium i o n s  which r a p i d l y  a l k y l a t e  t h e  
s o l v e n t ,  benzene ,  to  produce  d i p h e n y l  methane. 

The r e a c t i o n s  o f  benzy l  n a p h t h y l  e t h e r  w e r e  a l so  e x p l o r e d .  
I n  benzene t h i s  s u b s t r a t e  y i e l d e d  2-hydroxynaphtha lene  and  
d ipheny l  methane. These p r o d u c t s  a g a i n  i l l u s t r a t e  t h e  
p r e f e r e n t i a l  c l e a v a g e  of t h e  l i n k a g e  t o  produce  a b e n z y l  carbonium 
ion .  

The e f f e c t s  of  Lewis a c i d  c a t a l y s t s  on  f u s e d  r i n g  a r o m a t i c  
c l u s t e r s  was a l s o  examined, u s i n g  n a p h t h a l e n e  and  phenan th rene  as 
models. I n  t h e  p r e s e n c e  of  A1C13,  naph tha lene  w a s  c o n v e r t e d  t o  
t e t r a l i n  which i n  t u r n  c racked  t o  produce  benzene .  Phenan th rene  
r e a c t e d  t o  produce  9,lO-dihydrophenanthrene and smaller q u a n t i t i e s  
of  naphthene  and t e t r a l i n .  Thus bo th  naph tha lene  and phenan th rene  
appea r  t o  react by f i r s t  hydrogena t ing  and t h e n  c r a c k i n g  t o  
produce  p r o d u c t s  of  lower molecu la r  we igh t .  I t  i s  i n t e r e s t i n g  
t o  n o t e  t h a t  f o r  t empera tu res  up t o  325OC no e v i d e n c e  w a s  
o b t a i n e d  t h a t  ZnC12 cou ld  promote r e a c t i o n s  s i m i l a r  t o  t h o s e  
observed  w i t h  A1C13.  

CONCLUSIONS 

The f o l l o w i n g  c o n c l u s i o n s  c a n  be drawn f rom t h i s  work. 

ZnC12 and SnC12 are p a r t i c u l a r l y  s u i t a b l e  c a t a l y s t s  f o r  t h e  
d i s s o l u t i o n  of  SRC i n  benzene and cyc lohexane .  

The s t r e n g t h  of  a c i d  r e q u i r e d  t o  c a t a l y z e  the c l e a v e a g e  o f  
a l i p h a t i c  l i n k a g e s  between aromatic n u c l e i  depends  upon t h e  
n a t u r e  of t h e  n u c l e i ,  n a p h t h y l  and  hydroxyphenyl g r o u p s  
be ing  more r e a d i l y  s e p a r a t e d  from a l i p h a t i c  l i n k a g e s  t h a n  
pheny l  groups .  

E t h e r  and s u l f i d e  l i n k a g e s  are e a s i l y  c l e a v e d  by m i l d  Lewis 
a c i d s  such  as ZnC12. 

The p r o d u c t s  o b t a i n e d  from t h e  c l e a v a g e  o f  a l i p h a t i c ,  e t h e r ,  
and s u l f i d e  l i n k a g e s  can be e x p l a i n e d  by carbonium i o n  
mechanisms. 

Hydrogenation and c r a c k i n g  of  f u s e d  r i n g  aromatic c l u s t e r s  
r e q u i r e s  s t r o n g  Lewis a c i d s  such  a s  A1C13. 
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Tab le  1 

E f f e c t s  of Lewis A c i d  C a t a l y s t s  o n  
t h e  L i q u e f a c t i o n  of SRC i n  Benzene 

Reac t ion  C o n d i t i o n s :  T = 3OOOC C a t a l y s t  mass = 5 g m  
P = 2000 p s i g  H2 
t = 90 min S o l v e n t  volume = 70 ml 
w = 1250 rpm 

SRC mass = 5 gm 

sol. Charac .  of Sol.  P r o d .  
C a t a l y s t  H/C HA1/HAr 

None 46.7 0.85 1 . 3 3  

A1C13a 20.3 0.89 1.32 

ZnC12 

SnC12 

46.8 1 . 0 1  2.54 

57.9 0.97 2.22 

SbC13 38.2 0.95 2.18 

HgC1* 37.8 0.93 1 . 7 9  

a 1 . 0  gm A1C13 c h a r g e d  
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T a b l e  2 

E f f e c t s  of So lven t s  on the  L i q u e f a c t i o n  of SRC 

R e a c t i o n  C o n d i t i o n s :  T = 3 O O O C  C a t a l y s t  mass = 5 gm 
P = 2000  p s i g  H2 
t = 90 m i n  Solvent v o l u m e  = 70  m l  
w = 1 2 5 0  rpm 

SRC m a s s  = 5 g m  

sol. C h a r a c .  of Sol.  Prod. 

( % )  H/C HA1’HAr C a t a l y s t  Solvent 

None B e n z e n e  4 6 . 7  0 . 8 5  1.33 

None C y c l o h e x a n e  15.1 0 . 9 1  1 . 5 0  

ZnC12 B e n z e n e  4 6 . 8  1 . 0 1  2 . 5 4  

ZnC12 C y c l o h e x a n e  3 5 . 4  1 . 0 6  3 .38 

SnC12  B e n z e n e  5 7 . 9  0 . 9 7  2 . 2 2  

SnC12 C y c l o h e x a n e  2 9 . 8  1 . 0 0  2 . 6 8  
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T a b l e  3 

Model Compounds C o n t a i n i n g  A l i p h a t i c  Linkages  

~~~ ~~ 

Compound S t r u c t u r a l  Formula 

Diphenyl 

Diphenyl methane 

1,Z-Diphenyl e t h a n e  

1,3-Diphenyl p ropane  

1,4-Diphenyl b u t a n e  

2-Phenyl phenol 

2-Benzyl phenol 

1-Phenyl n a p h t h a l e n e  

1-Benzyl n a p h t h a l e n e  0 CHI-@ 8 

146 


